INTRODUCTION
The Norian Chinle Formation (e.g., Irmis et al., 2011; Ramezani et al., 2011 Ramezani et al., , 2014 provides a vegetation record of an ancient terrestrial ecosystem composed of riverine, lowland, and upland plant communities (e.g., Ash, 1972 Ash, , 1999 Ash, , 2005 Ash, , 2014 . The flora of the Chinle Formation provides an excellent opportunity to trace vegetation dynamics during the Norian Stage, which was marked by a series of environmental perturbations, including climate change (e.g., Kutzbach and Gallimore, 1989) , carbon cycle perturbation (e.g., Prochnow et al., 2006; Cleveland et al., 2008a Cleveland et al., , 2008b Schaller et al., 2015) , a probable impact event (Hodych and Dunning, 1992; Ramezani et al., 2005) , and changes in the tectonic regime in the western part of the North American continent (e.g., Dubiel, 1989; Dubiel and Hasiotis, 2011; Atchley et al., 2013; Howell and Blakey, 2013; Riggs et al., 2013; Trendell et al., 2013a Trendell et al., , 2013b Nordt et al., 2015; Riggs et al., 2016) .
Pollen and spore records provide a window into regional plant succession and are a useful tool for detecting vegetation dynamics in relation to global climatic oscillations or environmental stress. The palynological record can provide information on regional-scale vegetation changes, in contrast to the macrofossil rec ord, which can be biased to local vegetation elements often in wet habitats (Demko et al., 1998) . The palynology of the Chinle Formation is known from the earlier works of, for example, Gottesfeld (1972) , Scott (1982) , Fisher and Dunay (1984) , Litwin (1986) , Litwin et al. (1991) , and more recently Reichgelt et al. (2013) , Whiteside et al. (2015) , and Lindström et al. (2016) .
The Chinle Formation was originally thought to encompass the Carnian and Norian Stages based on biostratigraphy (Litwin et al., 1991; Heckert et al., 2007) , but paleomagnetic correlations (Muttoni et al., 2004; Olsen et al., 2011) and recent radiometric dating indicate a middle to late Norian age (Riggs et al., 2003; Irmis et al., 2011; Ramezani et al., 2011 Ramezani et al., , 2014 . This new age assignment makes the Chinle floras of special interest, because continental Norian palynofloras are relatively uncommon (e.g., Kürschner and Herngreen, 2010) .
The Chinle Formation was deposited at tropical latitudes and subject to a monsoonal climate (Parrish and Peterson, 1988; Dubiel et al., 1991) . Sedimentological and paleontological evidence indicates climate change with increasing aridity and seasonality throughout its depositional period (Dubiel and Hasiotis, 2011; Atchley et al., 2013; Nordt et al., 2015) . This climate change is expected to have caused stress in the terrestrial ecosystems, including plants and animals (e.g., Whiteside et al., 2015) . In triguingly, previous paleontological studies showed a significant faunal and floral turnover in the middle of the Chinle Formation between 217.7 and 213.1 Ma (e.g., Litwin et al., 1991; Parker and Martz, 2011; Reichgelt et al., 2013; Rame zani et al., 2014) , which might be related to climate change. In addition to the climate, other environmental perturbations, for example, volcanism (Atchley et al., 2013; Nordt et al., 2015) and pCO 2 variations (Cleveland et al., 2008a (Cleveland et al., , 2008b Atchley et al., 2013; Nordt et al., 2015; Schaller et al., 2015; Whiteside et al., 2015) , could have contributed to the causes of the biotic turnover. Furthermore, the age of the Manicouagan impact event at 215-214 Ma (Ramezani et al., 2005; Walkden et al., 2002; Jourdan et al., 2009 ) is close to the age range of the floral and faunal turnover in the Chinle strata (Reichgelt et al., 2013; Lindström et al., 2016) . So far, no global extinction has been matched with the ejecta hori zon of the Manicouagan impact ( Olsen et al., 2011) . However, the interval around 215 Ma was associated with regional extinction of marine invertebrate fauna in the western part of Pangea (Orchard et al., 2001 ) and a turnover among oceanic zooplankton in Panthalassa (Onoue et al., 2012 (Onoue et al., , 2016 associated with an Ir anomaly and spherules (Onoue et al., 2016) . The global significance of this middle Norian biotic turnover is not well documented so far.
The current study represents a detailed reinvestigation of the Norian palynofloras of the Chinle Formation previously studied by Reichgelt et al. (2013) and supplemented by additional outcrop samples collected in the Petrified Forest National Park. We also present palynofacies data that describe the sedimentary organic composition of the investigated samples and bulk organic carbon isotope data. Our quantitative palynological study provides the opportunity to analyze vegetation dynamics in a period marked by severe environmental perturbations. The aims of the present study were to: (1) provide a detailed quantitative palynological record from 12 localities from the Chinle Formation in Petrified Forest National Park, Arizona, (2) quantify vegetation changes and establish the vegetation history, and (3) reconstruct the environmental changes as inferred from the new palynological data.
GEOLOGICAL BACKGROUND OF THE STUDY AREA
The Chinle Formation in the southwestern United States represents a complex system of fluvial, alluvial, lacustrine, and eolian sediments deposited across Arizona, Utah, New Mexico, and Colorado (Figs. 1A-1B; Dubiel, 1994; Martz and Parker, 2010) . During the Late Triassic, the area was situated 5°-10° north of the equator and ~400 km east of the western margin of the Pangea supercontinent (Figs. 1C-1D; Bazard and Butler, 1991; Dubiel et al., 1991; Kent and Tauxe, 2005; Kent and Irving, 2010) . The Chinle Formation was located in a basin that drained northwestward into marine waters and received volcanic detritus from the southwest ( Fig. 1D ; Stewart et al., 1972; Dickinson and Gehrels, 2008; Martz and Parker, 2010; Atchley et al., 2013; Howell and Blakey, 2013; Riggs et al., 2013) .
Depositional History and Paleoenvironments at the Petrified Forest National Park
The sedimentary evolution of the Chinle Formation depicts a cyclic depositional history, starting with incision, filling of paleovalleys with fluvial sediments, and the subsequent development of floodplain environments (Blakey, 2008; Martz and Parker, 2010; Dubiel and Hasiotis, 2011; Atchley et al., 2013; Trendell et al., 2013a Trendell et al., , 2013b .
The Chinle Formation at the Petrified Forest National Park can be divided into five members. The Shinarump/Mesa Redondo Member (Fig. 2) represents the basal deposit overlying the Early to Middle Triassic Moenkopi Formation (Martz and Parker, 2010) . It is composed of conglomeratic channel sandstones with adjacent overbank mudstones representing a braided, subsequently meandering river system (Martz and Parker, 2010) .
Subsequently, the Blue Mesa Member (Fig. 2) , a large mudrock unit, was deposited in a predominantly suspended-load meandering river system, of which the Newspaper Rock Bed represents a significant channel deposit (Woody, 2006; Martz and Parker, 2010; Trendell et al., 2013a) . Overbank sediments dominate in the Blue Mesa Member, with local lacustrine environments in the form of floodplain ponds and back-swamps (Dubiel, 1989; Trendell et al., 2013a Trendell et al., , 2013b .
At the Petrified Forest National Park, the overlying Sonsela Member (Fig. 2) is a coarsergrained unit with a semicontinuous sandstone complex interbedded with mudstones (Martz and Parker, 2010) . The onset of the Sonsela Member is marked by a shift in the dominant paleocurrent direction from northwest-southwest to north-northeast (Howell and Blakey, 2013) . The high amount of volcanic material in the sediments suggests a land connection with the Cordilleran arc to the west, which provided much of the coarse-grained material to the basin (Howell and Blakey, 2013; Riggs et al., 2013 Riggs et al., , 2016 .
The depositional environment of the lower part of the Sonsela Member (Camp Butte Beds, Lot's Wife Bed, Jasper Forest Bed, and lowermost part of the Jim Camp Wash Beds; Fig. 2 ) is characterized by bed-load-dominated fluvial style, high sedimentation and low subsidence rates, coarser-grained sediments, frequent flooding and crevassing events, unstable overbank areas, and a lesser-developed floodplain ( Howell and Blakey, 2013; Trendell et al., 2013a Trendell et al., , 2013b . The basal Camp Butte Beds inter finger with the Blue Mesa Member (Fig. 2) and are composed of sands deposited by bedload-dominated braided rivers. The overlying Lot's Wife Bed (Fig. 2) represents well-drained overbank sediments (mudstones) punctuated by crevasse splays associated with bed-load-dominated streams. The medially situated Jasper Forest Bed/Rainbow Forest Bed (Fig. 2) was deposited by low-sinuosity bed-load-dominated braided rivers exhibiting high energy and probably ephemeral flow.
The depositional environment at the Petrified Forest National Park markedly changed between the deposition of the lower and upper Sonsela Member (e.g., Atchley et al., 2013; Howell and Blakey, 2013; Nordt et al., 2015) . The bed-load-dominated fluvial style in the lower part of the Sonsela Member switched to a primarily suspended-load meandering river in the upper part. The upper Sonsela Member (upper Jim Camp Wash Beds, Martha's Butte Bed; Fig. 2 ) is characterized by finer-grained sediments, higher subsidence rates in the basin, stable overbank areas and channels, and welldeveloped floodplains. The rapid change in subsidence and fluvial style was interpreted to have been driven by changes in the subduction in the Cordilleran arc, isostatic rebound of the arc, and backarc aggradation (Howell and Blakey, 2013) . The stratigraphic boundary between the two disparate depositional styles is placed at a laterally persistent red silcrete horizon (Howell and Blakey, 2013) , which also marks the boundary between the Adamanian and Revueltian vertebrate biozones . The Sonsela Member is the predominant fossil log-bearing unit of the Chinle Formation, with major accumulations in the Jasper Forest and Martha's Butte Beds ( Fig. 2 ; Martz and Parker, 2010) .
The Petrified Forest Member represents a predominantly mixed-load, meandering river system dominated by overbank mudstones, although nonsinuous bed-load-dominated streams persisted and filled up scours within overbank mudstones (Kraus and Middleton, 1987) .
The overlying Owl Rock Member was deposited in lacustrine, fluvial, and floodplain set- tings, and it contains (Martz and Parker 2010) calcretes and eolian deposits as well. Ramezani et al. (2011) dated the Black Forest Bed (Fig. 2) at the top of the Petrified Forest Member as 209.926 ± 0.072 Ma, which is close to the Norian-Rhaetian boundary age at 209.5 Ma according to the "long-Rhaetian" age model (Muttoni et al., 2004; Ogg, 2012) , implying that the Owl Rock Member is of Rhaetian age (Riggs et al., 2003) .
An erosional surface terminates the Chinle Formation, and it is overlain by the Early Jurassic Moenave Formation or Wingate Formation, but the exact relationship of these contacts is poorly understood (Martz and Parker, 2010) .
Climate Change during the Norian
The transition from a fluvial-alluvial to eolian environment in the Late Triassic of the southwest United States reflects long-term climatic change from a humid tropical/monsoonal climate to drier conditions and an increase in seasonality during the deposition of the Chinle Formation (Dubiel and Hasiotis, 2011) .
In the Blue Mesa Member, a large temnospondyl amphibian and abundant fossil fern remains (Ash, 2001) are still considered to be evidence for humid tropical conditions (Martz and Parker, 2010) , in agreement with high mean annual precipitation (MAP) values (Nordt et al., 2015) . A significant drop in MAP was shown by, for example, Atchley et al. (2013) and Nordt et al. (2015) in the Sonsela Member.
The increase in pedogenic carbonate formation and carbonate nodules beginning in the upper part of the Sonsela (Jim Camp Wash Beds) has been interpreted as evidence of a shift from poorly drained wetlands to well-drained soils, in agreement with a shift to drier climate (Martz and Parker, 2010; Atchley et al., 2013; Nordt et al., 2015) .
The more pronounced seasonality is also supported by the lack of true annual tree rings and the presence of irregular growth interruptions in the fossil wood from the Sonsela and Petrified Forest Members (Ash and Creber, 1992) . Originally, Ash and Creber (1992) considered these irregular growth interruptions similar to the growth patterns of trees that live in the tropics. They suggested that the interruptions were most likely caused by endogenous hormonal effects or occasional fluctuations in local water supply (Ash and Creber, 1992) . However, the climatic interpretation of these growth interruptions has been widely debated (Ash and Creber, 1992) . More recently, similar growth interruptions were found in Cretaceous silicified wood, and they were interpreted as the evidence of seasonal droughts (Falcon-Lang, 2003) . Similar growth interruptions are present in trees from East Africa (e.g., Uganda, Somalia, Tanzania; Jacoby, 1989) and Australia (Schweingruber, 1996) .
The main cause of the transition to drier and warmer climate was believed to be the northward movement of the North America continent from the equator into the drier midlatitudes (Dubiel et al., 1991; Kent and Tauxe, 2005; Kent and Irving, 2010) . However, recent magnetostratigraphy of the Chinle Formation at the Petrified Forest National Park is suggestive of a restricted northward movement during the middle to late Norian and Rhaetian (Zeigler and Geissman, 2011) . Alternatively, the uplift of the Cordilleran arc could have caused an increasing rain shadow over the Chinle sedimentary basin, blocking the influx of moist tropical air (Litwin, 1986; Atchley et al., 2013; Nordt et al., 2015) .
MATERIAL AND METHODS

Sampling
Eighty-six samples were collected for palynological analysis from 12 outcrops at the Petrified Forest National Park (Figs. 1 and 2 ). The samples were preferentially collected from mudstone or very fine sand intervals that were considered to bear rich palynomorph assemblages. The nomen clature of the lithostratigraphic units follows Martz and Parker (2010) . Thirty-nine samples from the Sonsela Member had previously been analyzed by Reichgelt et al. (2013) . For the present study, an additional 47 samples, collected from the Shinarump Member, the upper part of the Blue Mesa Member, the lower and topmost parts of the Sonsela Member, and the lower part of the Petrified Forest Member, were processed for palynological analyses (Fig. 2) . A complete list of all samples and a short lithological description with the global positioning system (GPS) coordinates of the localities are included in the Geological Society of America Data Repository.
1 The GPS coordinates use the World Geodetic Survey 1984 (WGS 84) system.
Palynological Processing and Analysis
All new samples were treated following the palynological preparation method described in Kürschner et al. (2007) . Between 10 and 20 g aliquots of each sedimentary rock sample were crushed, and, to enable calculation of palynomorph concentration, one tablet containing Lyco podium spores was added to each sample at the start of processing. To dissolve the carbonates and silicates, 10% HCl and concentrated HF were used, respectively. The organic residue was sieved with a 250 µm and a 15 µm mesh. Methods for the processing of the previously analyzed samples were described in Reichgelt et al. (2013) , but these basically followed the same procedure. In order to separate heavy minerals (e.g., pyrite) from the organic particles, heavy liquid (ZnCl 2 ) was added to the organic residue between 250 and 15 µm meshes. Slides were mounted using epoxy resin (Entellan) as a mounting medium. A Petrified Forest National Park catalogue number was assigned to each studied item (rock samples, organic residue, palyno logical slides), and these are listed in the data repository (see footnote 1). The organic resi dues and palynological slides are temporarily being stored at the Department of Geosciences, University of Oslo, Norway, but the final repository will be the Petrified Forest National Park. Additionally, the slides of Reichgelt et al. (2013) were reinvestigated. Quantitative analysis was performed by identifying and counting ~400 palynomorphs after scanning 2-6 slides. Poorly preserved palynomorphs, or palynomorphs with unfavorable orientation that hampered the precise identification, were excluded from the counting, but their abundance was documented separately. Spore coloration index (SCI) values follow those of Batten (2002) . For palynofacies analysis, different types of sedimentary organic matter (SOM) particles were distinguished in the samples. The subdivision of the different palynofacies groups and terminology followed Oboh-Ikuenobe and De Villiers (2003) . Spores and pollen grains were distinguished during the palynofacies analysis. Approximately 300 SOM particles were counted in each sample. The microscope analysis was carried out with a standard Zeiss 328883 type microscope connected to an AxioCam ERc5s camera and Zen 2011 software. Relative abundance of the palynomorphs was calculated and plotted using the Tilia/TiliaGraph computer program (Grimm, 1991 (Grimm, -2001 . Palynomorph assemblages were distinguished by constrained cluster analysis using CONISS within Tilia (Grimm, 1987) . For plotting this diagram, the counted abundance data of all identified taxa were used, and unidentified forms were excluded from the 1 GSA Data Repository item 2017345, the list and detailed description of all sampling localities with GPS coordinates, detailed description of the palynological assemblages with three photoplates, list of all identified taxa, excel sheets with the palynological, palynofacies counts and bulk organic carbon isotope ratios, dataset used in the correspondence analysis together with eigenvalues, variance values, column and row score, the botanical affinities of the palynomorphs accompanied by a reference list, PEFO catalogue numbers of all studied items including rock samples, organic residue and palynological slides, is available at http:// www .geosociety .org /datarepository /2017 or by request to editing@geosociety .org. cluster analysis. Palynomorph and SOM concentration (Fig. 3) were calculated based on the counts of the identified palynomorphs, number of encountered Lycopodium grains, the dry weight of the sample, and the total number of grains in the Lycopodium tablet according to the equation of Maher (1981) 
Assignment of Palynomorphs to Ecological Groups
The sporomorph ecogroup (SEG) method of Abbink et al. (2004) was applied to distinguish plant communities ( Table 1 ). The SEG model was established based on Jurassic and Cretaceous palynomorphs, but subsequent studies have demonstrated the relevance of the scheme to Triassic palynomorph assemblages (e.g., Ruckwied and Götz, 2009; Götz et al., 2011; Kustatscher et al., 2010) . The SEGs define distinctive habitats, based on taxa with broadly similar ecological preferences. Abbink et al. (2004) distinguished six ecogroups, of which three are identified in the Chinle Formation: river SEG, lowland SEG, and upland SEG. The river SEG reflects riverbank communities that are periodically submerged; the lowland SEG represents vegetation of the floodplain and marshes that can be episodically submerged; and the upland SEG reflects plant communities on well-drained, higher terrains above groundwater table that are never submerged. This approach is a first approximation and simplification of community-level changes. The succession of different ecogroups and changes in the species composition within one SEG can be suggestive of climate and/or paleoenvironmental change. The assignment of sporomorphs into the different ecogroups followed the works of Abbink et al. (2004) 
The assignment of the sporomorph taxa into hygrophytes or xerophytes (see also supplementary data [see footnote 1]) followed Visscher and Van der Zwan (1981) , based on the ecological preference of known or proposed parent plant and the co-occurrence of certain taxa. It represents a first approximation of climatic signals, but it has to be noted that it represents an oversimplification of the environmental preference of the parent plant (e.g., Mueller et al., 2016) . All spores in this study were assigned to the hygro phytes, whereas most pollen species were assigned to the xerophytes (see supplementary data [see footnote 1]). Cycadopites pollen grain and other pollen grains related to the Cycadophyta were assigned to the hygrophytes (e.g., Roghi et al., 2010; Hochuli and Vigran, 2010) . Hochuli and Vigran (2010) attributed monosaccate pollen grains to the hygrophyte group. However, here we assign monosaccate pollen species to xerophytes, following studies by Roghi (2004) , Roghi et al. (2010) , and Mueller et al. (2016) . The monosaccates pollen species in this study most likely represent Majonicaceae, or other groups of the Voltziales, which are thought to occur in upland communities (Abbink et al., 2004) . Pollen species with gnetalean affinity (Ephedripites, Equisetosporites, and Cornetipollis) were assigned to xerophytes after Hochuli and Vigran (2010) .
Multivariate Ordination
Correspondence analysis (CA) was applied to the data set of the plant groups (see supplementary data [see footnote 1]) to display the relationships among the different plant groups. The botanical affinity of the palynomorphs, together with the palynological abundance of the various plant groups, the correspondence analysis data matrix, eigenvalues, and row and column scores are given in the supplementary data (see footnote 1). Correspondence analysis displays the counted or calculated data on axes that represent ecological variations with the greatest influence on the data set (e.g., Kovach, 1993; Stukins et al., 2013) . It was carried out using PAST (Hammer et al., 2001 ).
Carbon Isotope Analysis of Bulk Sedimentary Organic Matter
The carbon isotopic composition of bulk organic matter was analyzed for a total of 23 samples spanning the Blue Mesa, Sonsela, and Petri fied Forest Members (Fig. 2 ). Four to six gram samples of sediment were crushed and powdered and then treated with 1 M HCl and left for 24 h to remove all inorganic carbon. Afterward, the samples were neu tralized with water and dried at 60 °C in an oven. The homogenized samples were analyzed with an ele mental analysis-isotope ratio mass spectrometer (EA-IRMS). Isotope ratios are reported in standard delta notation relative to Vienna Peedee belemnite (VPDB). The measurements were carried out by Iso Analytical Ltd., The Quantum, UK. The analytical precision indicates a standard deviation of <0.08‰ based on the routine analysis of the internal laboratory reference material. IA-R001 wheat flour was used as the reference material (δ 13 C VPDB = -26.43‰). Total organic carbon (TOC) values and isotope ratios are given in the supplementary data (see footnote 1). Bulk organic carbon isotope values measured at Petri fied Forest National Park were then compared to the concentration values of selected pollen types and palynofacies groups. The concentrations, calculated using pollen relative to Lycopodium spore abundance, were used instead of total percentages, as pollen concentration is a function of sediment weight and is not affected by changes in relative abundance of other taxa (closed sum effect in percentage calculations). The linear regression analysis was performed with PAST (Hammer et al., 2001) . Additionally, it has to be considered that in bulk analyses, the complete SOM is measured, while the palynological samples may reflect only a fraction of the SOM due to possible biases occurring during sample preparation, such as sieving.
RESULTS
Palynomorph Assemblages
The palynologically productive samples were collected from gray-black mudstones, or gray, very fine-grained sandstone horizons. Barren samples had various lithologies, including white, yellow, red, green, and purple mudstones due to penecontemporaneous pedogenic oxidation. Thirty-four percent of the studied samples contained pollen grains and spores, an additional 50% of the samples contained only phytoclasts and charcoal, and 16% of all studied samples were entirely barren. In total, 128 taxa were identified in the 29 samples that contained palynomorphs. Based on cluster analysis, four assemblages are distinguished, assemblage 2 was further subdivided into assemblage 2/1 and 2/2, assemblage 3 into was further subdivided 3/1 and 3/2, and assemblage 4 was further subdivided into 4/1 and 4/2 (Fig. 3) . A detailed description of all palynomorph assemblages and a complete list of all identified taxa are given in the supplementary data (see footnote 1). Only stratigraphically or environmentally noteworthy taxa are plotted in Figure 3 ; a complete diagram with all taxa and the palynomorph counts can be found in the supplementary data (see footnote 1). The color of the palynomorphs varied between pale yellow and golden brown, and their SCI index ranged from 2 to 7 (Batten, 2002) . The variation in color exists mainly between the taxa. Generally, the palynomorphs with thicker walls are darker. No significant variation was observed between the sections or stratigraphic units. The sample from the Shinarump Member did not contain any palynomorphs. The oldest pollen-bearing sample was located in the upper part of the Blue Mesa Member (Figs. 2 and 3). Selected palynomorphs are illustrated in Figure 4 . 
Plant Groups
The majority of the recorded spores and pollen could be assigned to various plant groups (supplementary data [see footnote 1]), and their known or probable botanical affinities allowed the reconstruction of the vegetation history in the Chinle Formation. The plant groups depict the regional upland vegetation of a hardwood gymnosperm forest with the dominance of conifers and some seed ferns. To a smaller extent, the palynomorphs document lowland communities, differing significantly from the macrofloral record, which represents primarily plant communities in the lowlands and along the rivers (e.g., Demko et al., 1998; Ash, 1999 Ash, , 2001 Ash, , 2005 .
The upland flora is composed of Voltziales (Voltziaceae, Majonicaceae), other Mesozoic conifers (Araucariaceae, Cheirolepidiaceae, and Podocarpaceae), and probably also seed ferns (Table 1) , similar to the compositions of the upland macrofossil locality described by Ash (1999) . The lowland and riparian vegetation consists of spore-producing plants (ferns, lycop sids, sphenopsids, bryophytes), cycadophytes, plants of gnetalean affinity, and also seed ferns (Table 1 ). According to Abbink et al. (2004) , the plants producing the Perinopollenites elatoides and Inaperturopollenites sp. pollen grains also contribute to lowland communities. Perinopollenites elatoides and possibly also Inaperturopollenites were produced by the Cupressa ceae or Cupressaceae-related plants (e.g., Van Konijnen burg-Van Cittert, 1971) . The occurrence of Cupressaceae-related pollen types is unexpected in the Chinle Formation, because there is no definite paleobotanical evidence for the presence of this plant group in the Chinle vegetation at the Petrified Forest National Park. However, xylotomic analyses suggest that some of the Araucarioxylon tree trunks from the Chinle Formation bear resemblance to modern Sequoiadendron (Cupressaceae; Ash and Creber, 2000) or possess cupressoid features (Savidge, 2006 (Savidge, , 2007 . Furthermore, the petrified stems of Arboramosa have some features in common with modern Juniperus (Cupressaceae) trees (Savidge and Ash, 2006) . Gottesfeld (1972) suggested, based on Araucarioxylon arizonicum tree trunks, that the Araucariaceae and also Cupressaceae-related trees in the Chinle Formation had a similar growth form to the modern Californian redwood. Litwin (1986) to their related plant communities later in the Mesozoic (Van Konijnenburg-Van Cittert, 1971; Abbink et al., 2004; Stukins et al., 2013) .
Vegetation History
In the Blue Mesa Member, conifers belonging to the Voltziaceae and Majonicaceae are the predominant vegetation components (Fig. 5) .
At the boundary of the Blue Mesa Member to the Sonsela Member, the overall diversity of the plant communities decreases after a diversity maximum is reached in the top of the Blue Mesa Member (Fig. 5) . In the lower part of the Sonsela Member, seed ferns and various conifer groups (e.g., Podocarpaceae, Majonica ceae, Voltziaceae) are predominant (Fig. 5) . The seed ferns are more abundant in this unit compared to the Blue Mesa Member, and they increase in abundance toward the floral-faunal turnover in the middle of the Sonsela Member. Among the Voltziaceae, the predominance of Klausipollenites decreases relative to other Voltziaceae-related pollen species such as Voltziaceae sporites heteromorpha. The abundance of Cordaitina minor in the lower part of the Sonsela Member indicates the possible presence of the Cordaitales in the Chinle vegeta tion (Fig. 5) . However, the botanical affinity of Cordaitina minor is somewhat controversial, and the possibility cannot be excluded that this taxon belongs to the Emporiaceae, a family within the Voltziales or other conifers (Reichgelt et al., 2013; Lindström et al., 2016) . Just below the turnover horizon in the lower Sonsela Member, the abundance of all gymnosperm pollen, except those of the Voltziaceae, increases, indicating a more diverse vegetation.
The floral turnover in the middle part of the Sonsela Member is associated with a severe drop in the diversity and abundance of all plant groups, with the exception of K. gouldii and the related parent plants (Fig. 5) . After the turnover, the vegetation diversifies again, as evidenced by the diverse palynological assemblages in the upper part of the Badlands section.
Among the gymnosperms, seed ferns and Voltziaceae-Majonicaceae conifers are predominant. The Majonicaceae, represented by the monosaccate pollen genera Patinasporites, Valla sporites, and Daughertyspora, exceeds abundances characteristic before the faunal turnover, but the seed ferns and the Cordaitinarelated plants do not return to their former abundance and diversity (Fig. 5) .
In the Badlands section (samples BL 3-4), a short-lived peak of spore-producing plants is recorded. These spores represent mainly sphenopsids and ferns related to CyatheaceaeDipteridaceae-Matoniaceae-Dicksoniaceae, Osmundaceae, and Schizaeaceae (Fig. 5) . The increase in spore abundance occurs simultaneously with a brief rise in the abundance of pollen assigned to the Araucariaceae-Cupressaceae and the cycads (Fig. 5 ).
This interval is followed by elevated abundance of the peculiar palynomorph tetrad Froehlichsporites traversei (Fig. 5) . Froehlichsporites traversei is most likely a gymnosperm pollen grain that was dispersed as a permanent tetrad at maturity. Its precise botanical affinity is still uncertain (Litwin et al., 1993; Baranyi et al., 2017) , which makes it difficult to assess the significance of its high abundance during the floral turnover.
The topmost part of the Sonsela Member provided only one pollen-bearing sample (TH 10) that reflects a distinct plant community, dominated by sphenopsids and ferns belonging to Cyatheaceae-Dipteridaceae-Matoniaceae-Dicksoniaceae, Osmundaceae, and Schizaeaceae (Fig. 5) . The abundance of seed ferns increases again, and there is an acme of gnetalean pollen grains in this assemblage.
The lowermost Petrified Forest Member is characterized by low-diversity vegetation with a predominance of conifers belonging to the Voltziaceae (mainly K. gouldii) and Majonicaceae (Fig. 5) . Spore-producing plants are nearly absent in the samples of the Petrified Forest Member. 
F r o e h l i c h s p o r i t e s t r a v e r s e i
Plant Communities and Ecological Succession Defined by the SEG Method and Correspondence Analysis
The SEG model and correspondence analysis were applied to define plant communities (Table 1 ; Fig. 6 ) and distinguish their relations. The first axis in the correspondence analysis accounts for 35.7% of the total variance within the data set, and the second axis accounts for 24.8% (Fig. 6) . The different fern groups, sphenopsids, bryophytes, and the Gnetales assigned to the river SEG have high values on axis 1 in the correspondence analysis (Fig. 6) . Cupressaceaerelated plants can be present both in the riverine SEG and lowland SEG (Abbink et al., 2004) , but in the correspondence analysis plot, they are placed closer to the Cycadales/Bennettitales and the Caytoniales of lowland communities (Fig. 6 ). Among the seed ferns, the Caytoniales plot close to other lowland floral elements in the correspondence analysis plot. Other seed ferns are grouped closer to the conifers (Voltziaceae, Podocarpaceae) from the upland SEG (Fig. 6) . The upland plant communities (Table 1) have contrasting values on both axis 1 and axis 2 compared to the lowland or riverine elements (Fig. 6) .
The stratigraphic distribution of the lowland plant groups (Fig. 5 ) implies the presence of two different lowland communities (Table 1) , one dominated by seed ferns with the contribution of spore-producing plants in the lower part of the Sonsela and upper Blue Mesa Members (Fig. 7A) , and a community characterized by fern-Cycadophyta-Cupressaceae-Araucariaceae in the upper Sonsela Member (Fig. 7B ).
Hygrophyte and Xerophyte Curves
The majority of the pollen types in the Chinle Formation are considered to have been produced by xerophytic plants (supplementary data [see footnote 1]). Through most of the formation, palynomorphs with xerophytic affinity predominate (Fig. 5) . Only two intervals are characterized by elevated hygrophyte ratio: the lower part of the Badlands section in the upper part of the Sonsela Member (samples BL 3-4) and the topmost part of the Sonsela Member (sample TH 10; Fig. 5 ).
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DISCUSSION
Palynostratigraphy
Perinopollenites elatoides in the Chinle Formation
The inaperturate pollen grain Perinopollenites elatoides (Figs. 4J-4K ) has not been documented before from the Sonsela Member. We recorded its occurrence for the first time at the Petrified Forest National Park. This species has only been documented so far at the transition of the Chinle Formation and Nugget Sandstone Formation in Utah from the Rhaetian interval . During previous palynological studies, Dunay and Fisher (1979) and Fisher and Dunay (1984) did not record any inaperturate pollen grains, and Litwin (1986) and Litwin et al. (1991) Perinopollenites elatoides is a characteristic element of Norian palynological assemblages in Europe (Kürschner and Herngreen, 2010) . The species appears first in the Granuloperculatipollis rudis zone at the base of the Alaunian (middle Norian; Kürschner and Herngreen, 2010) . The base of the Alaunian is estimated to be ca. 217 Ma using the "long-Rhaetian" age model (e.g., Ogg, 2012; Lucas, 2013; Ogg et al., 2014) , or around 215 Ma using the "longTuvalian" age model (e.g., Ogg et al., 2014) . The main occurrence of P. elatoides is only few meters above the silcrete horizon in the lower part of the Badlands section (Fig. 3) within the Sonsela Member. The age of the Sonsela Member can be placed between 220 and 213 Ma (Ramezani et al., 2011 (Ramezani et al., , 2014 , and the age of the persistent silcrete horizon in the middle of the Sonsela Member is 216.555 Ma according to Nordt et al. (2015) , or very close to the age range of the Manicouagan impact event at 215-214 Ma according to unpublished data of William G. Parker (2017, personal observation) . The occurrence of the species in the Chinle Formation is in agreement with the European appearance according to the "long-Rhaetian" and probably also according to the "long-Tuvalian" age models. Litwin et al. (1991) defined three palynozones in the Chinle Formation, which have been refined recently by Reichgelt et al. (2013) . The lower part of zone III (Litwin et al., 1991) has been subdivided into two subzones based on the palynological assemblages in the upper part of the Jim Camp Wash Beds in the Sonsela Member. Zone IIIa is marked by the abundance of trilete spores and Cycadopites spp., and the following zone IIIb is characterized by a high abundance of K. gouldii and Froelichsporites traversei. Whiteside et al. (2015) and Lindström et al. (2016) recorded a similar assemblage with high abundances of F. traversei and K. gouldii in a younger part of the Chinle Formation in the Petrified Forest Member in the Chama Basin, New Mexico ( Table 2 ). The radiometric dating of detrital zircons from the lower part of the section in Chama Basin gave an age of 211.9 ± 0.7 Ma (Whiteside et al., 2015; Lindström et al., 2016) , while a detrital zircon age was obtained from close to the boundary of the Sonsela and Petrified Forest Members in Arizona, which places the boundary between the two members at 213.124 ± 0.069 Ma (Ramezani et al., 2011 (Ramezani et al., , 2014 . The multiple occurrences of the zone IIIb palynological assemblage indicate that it may not be constrained to one horizon and is dependent on either depositional facies or other environmental conditions. Previously, the first and last occurrences of Equisetosporites chinleana, Lagenella martini, and Trilites klausii were confined to zone II of Litwin et al. (1991) , but in the present study, they were also identified in zone III (Fig. 3) , corroborating the stratigraphic ranges of these taxa in the Chama Basin (Lindström et al., 2016) . While there is the potential for reworking of palynomorphs, Eq. chinleana was found in high abundance at the top of the Sonsela Member (sample TH 10, Figs. 2-3) , whereas in other outcrops, it was rare or absent. Camerosporites secatus was not recorded in zone III at Petrified Forest National Park, in contrast to the long stratigraphic range of the species in the Chama Basin (Lindström et al., 2016) . Lindström et al. (2016) proposed that C. secatus may have favored more humid climates, and therefore the difference in stratigraphic range between the Petrified Forest National Park and the Chama Basin may indicate that the timing or severity of increased aridity differed between the two regions. Generally, the apparent discrepancy in pollen occurrences in the Chinle Formation at Petrified Forest National Park and in the Chama Basin is most likely the result of the various local and regional differences in environmental conditions (Lindström et al., 2016) .
Regional Distribution of Palynomorph Assemblages and Stratigraphic Ranges in Western North America
Palynostratigraphic Correlation
The correlation of the palynological assemblages and zones of Litwin et al. (1991) with the Newark Basin was not challenged by the new radiometric ages reported by Irmis et al. (2011) and Ramezani et al. (2011 Ramezani et al. ( , 2014 . Zone II can be correlated with the New Oxford-Lockatong palynozone, and zone III can be correlated with the lower Passaic-Heidlersburg palynozone in the Newark Basin (Olsen et al., 2011) , as was originally proposed by Litwin et al. (1991) .
The correlation of European and North American palynomorph assemblages is complicated due to differences in the palynomorph assemblages and the temporal discrepancy in the stratigraphic range of age-diagnostic species. The Circumpolles group, represented by Classopollis spp. and Granuloperculatipollenites rudis, is predominant in European Norian assemblages (Kürschner and Herngreen, 2010) . However, members of the Circumpolles group are uncommon in the Chinle assemblages at the Petrified Forest National Park, represented only by Camerosporites spp., Duplicisporites spp., and Praecirculina. (Litwin, 1986) . Similarly, many other palynomorphs (e.g., Lagenella martinii, Brodispora striata, and Trilites klausii) have their last occurrence in the Tuvalian substage of the Carnian in Europe (Kürschner and Herngreen, 2010) , but these taxa are still present in the Norian Chinle Formation (Litwin et al., 1991; Lindström et al., 2016) .
The significant offset between the European and American palynofloras is the result of the generally hot and semiarid climate in the eastern part of Pangea and the western Tethyan realm (e.g., Preto et al., 2010) . The Norian is characterized by dolomite formation in the Alpine realm (e.g., Haas and Demény, 2002; Preto et al., 2010; Haas et al., 2012) and playa lake deposits in the northwest European realm (e.g., Reinhardt and Ricken, 2000; Vollmer et al., 2008) . However, western Pangea supported rich riparian vegetation due to the seasonally wet cli- mate (e.g., Parrish and Peterson, 1988; Dubiel et al., 1991; Preto et al., 2010) . Therefore, the parent plants of some typically Carnian taxa from Europe may have thrived longer in the American Southwest localities.
Plant Communities and the Ecological Significance of the Plant Groups
The correspondence analysis (Fig. 6) revealed the potential relationship between the plant groups and the ecological variations that have the greatest influence on the vegetation. In the correspondence analysis (Fig. 6) , the Araucariaceae and Cupressaceae conifers have contrasting values compared to the spore-producing plants, which are considered as early successional vegetation elements (e.g., Van-Konijnenburg-Van Cittert, 2002; Abbink et al., 2004) . In modern-day riparian communities in the semiarid-arid regions of North America, the presence of the conifers in the riparian or lowland vegetation (e.g., Californian redwood or Montezuma cypress) indicates a well-developed climax community on the floodplain (e.g., Kocher and Harris, 2007) . Therefore axis 1 in the correspondence analysis plot is interpreted as a gradient for the openness and stability of the vegetation. It could also be indicative of vegetation successional stage (Fig. 6) .
All plant groups that were abundant in the lowland and riparian communities after the floral turnover have similar high values on axis 2 in the correspondence analysis plot (Fig. 6) , indicating that this axis may be interpreted as vegetation stress tolerance.
The co-occurrence of the Gnetales and sporeproducing plants in the river SEG (Table 1) and their similar score on both axes in the correspondence analysis plot (Fig. 6) can be explained by their similar position in the floodplain and probably similar stress tolerance. Spores are associated with the riverine or lowland SEG (Abbink et al., 2004) , and the vast majority of them are hygrophytes (e.g., Visscher and Van der Zwan, 1981) . Gnetales are known from river ine facies in the Cretaceous (Crane and Upchurch, 1987) . Certain spore-producing plants are also flexible during environmental stress, as evidenced by spore spikes related to, e.g., liverworts, clubmosses (Selaginellales), and some ferns (Cyatheaceae-DipteridaceaeMatoniaceae-Dicksoniaceae) at the TriassicJurassic or Cretaceous-Paleogene boundaries (e.g., Bonis et al., 2009; Ruckwied and Götz, 2009; Bonis and Kürschner, 2012; Vajda and Bercovici, 2014) . The modern Gnetales are adapted to a wide range of environmental conditions, from tropical rain forests (Gnetum) to arid settings ( Ephedra, Welwitschia; e.g., Carlquist, 2012) , and the latter two are often associated with extremely dry paleoclimates (e.g., Hoorn et al., 2012) . These plant groups may have colonized disturbed areas that can equally represent emerged overbank areas after floods or dry, seasonally dry environments.
Reorganization of Riparian Communities
The reorganization of lowland plant communities in the Sonsela Member after the floral turnover is related to the environmental transition that affected the fluvial systems and overbank stability (Fig. 7) . A seed fernGnetales-(cycadophytes) -dominated riparian vegetation in the lower part of the Sonsela Member was replaced by a new community with ferns, lycopsids, Araucariaceae, and Cupressaceae in the upper part of the Sonsela Member, with less contribution from the seed ferns and cycads (Table 1 ; Fig. 7) .
The evolution of the depositional environment in the upper part of the Sonsela Member, from an unstable braided river system to a meandering river system (Howell and Blakey, 2013) , appears to agree with the colonization of latesuccession-stage trees like the AraucariaceaeCupressaceae conifers in the upper part of the Sonsela Member. During this period, increased basin subsidence led to finer-grained sediment input (Howell and Blakey, 2013) . The new fluvial style enabled the stabilization of channels and overbank areas, providing undisturbed habitats for well-developed riparian communities (Figs. 7A-7B ). The Martha's Butte Beds, in the topmost part of the Sonsela Member, host one of the major accumulations of fossil logs within the Chinle Formation (Martz and Parker, 2010) , which also supports the presence of welldeveloped arborescent vegetation in the adjacent riparian areas. The lack of AraucariaceaeCupressaceae-related pollen grains in the lower Sonsela Member and Blue Mesa Member might be explained by the following features:
(1) Early-succession-stage floodplain communities more commonly occur in the lower part of the Sonsela Member compared to the upper part of the Sonsela Member (Fig. 7A) . The evolution of plant communities is in agreement with the sedimentological results of Trendell et al. (2013b) from the lower Sonsela Member, below the faunal turnover horizon, where poorly developed paleosols, frequent channel migration, and instability of the floodplain prohibited the growth of big trees (Fig. 7A) . Rhizolith characteristics from this part of the Sonsela Member suggest that the riparian environment was inhabited only by small-stature plants without extensive root systems or saplings of arborescent gymnosperms that were probably removed by erosion before reaching maturity (Trendell et al., 2013b) . Only a distal floodplain setting could host arborescent plants in a more stable environment (Trendell et al., 2013b) .
(2) A taphonomic bias may occur as a result of the preferential destruction of Araucariaceae-Cupressaceae pollen types at times of low organic matter burial rates, such as in the lower part of the Sonsela Member (Howell and Blakey, 2013) .
(3) Eventually, the long-term shift toward drier climate might have contributed to the reorganization of the lowland and riparian communities. During the deposition of the Chinle Formation, aridity and seasonality increased (e.g., Dubiel and Hasiotis, 2011; Nordt et al., 2015) . Decreased moisture availability on the floodplain may have reduced the abundance of several plant groups, which provided a new niche for the Araucariaceae-Cupressaceaerelated plants.
Climate Change
Climate Signal from the Palynological Assemblages
The majority of the pollen grains in the Chinle Formation are considered to be produced by plants with xerophytic affinity ( Fig. 9 ; supplementary data [see footnote 1]; Visscher and Van der Zwan, 1981; Roghi et al., 2010) , which confirms the shift to drier climate throughout the deposition of the Chinle Formation (Cleveland et al., 2008a (Cleveland et al., , 2008b Atchley et al., 2013; Nordt et al., 2015) . Low permanent moisture is also suggested by the low diversity of spores relative to gymnosperm pollen (Fig. 3) , as the majority of spore-producing plants are hygrophytes and are strongly dependent on water availability and lateral continuity of humid environments (e.g., Abbink et al., 2004; Bonis and Kürschner, 2012; Figs. 3 and 5 herein) .
However, the trend of the hygrophyte/xerophyte curve does not reflect the long-term shift from humid climate to more pronounced aridity throughout the deposition of the Chinle Formation (Fig. 5) . The palynomorph assemblages from the upper part of the Blue Mesa Member are also marked by the predominance of gymno sperm pollen with xerophytic affinity, in contrast to the sedimentological and geochemical evidence from paleosols, indicating more humid climate and higher MAP (Atchley et al., 2013; Nordt et al., 2015) . In contrast to the plant macro remains, the palynological rec ord provides information on regional-scale vegetation, including many upland vegetation elements that are usually assigned to the xero phyte group (e.g., Demko et al., 1998) . The contribution of the regional "xerophyte" pollen can vary depending on the location and depositional setting of the sampling site, with generally more regional floral elements in the case of a bigger catchment area or more distal setting to the source (Jacobson and Bradshaw, 1981) . During the deposition of the upper Blue Mesa Member, a big suspended-load meandering stream evolved on the Colorado Plateau, with a large catchment area and lacustrine intervals (Dubiel, 1989; Martz and Parker, 2010; Trendell et al. 2013a Trendell et al. , 2013b . The lacustrine settings might have collected more from the regional xerophyte pollen, and the proportion from the local vegetation, e.g., hygrophyte ferns and their spores from the shores, was reduced (Jacob son and Bradshaw, 1981) . The discrepancy between the palynological and geochemical results can further be explained by (1) the difficulty in determining the botanical affinity of some dispersed pollen grains, and (2) the uncertainty in the assignment of dispersed pollen grains to the hygrophyte/xero phyte group based on the ecological affinity of the presumed parent plant. (3) The differences in pollination strategy among various plants can result in significant differences in pollen production and distance of dispersal, resulting in the overrepresentation of certain pollen types in the palynological record. Most gymnosperm pollen grains in the xerophyte group are wind-transported, with high pollen production rates, and the pollen grains are dispersed over long distances (e.g., Faegri and van der Pijl, 1966) . By contrast, spores and insecttransported pollen (e.g., cycad or Bennettitalean pollen) tends to be produced in smaller amounts and is transported over shorter distances (e.g., Faegri and van der Pijl, 1966) .
Climatic Oscillations
The MAP calculations of Nordt et al. (2015) suggest that during the shift toward more arid climates, short-term wetter periods could have been present during the Norian, and the fluctuations in moisture availability remained during the deposition of the Sonsela and Petrified Forest Members. In the Sonsela Member, two intervals are recorded with higher ratios of hygrophyte palynomorphs. In the lower part of the Badlands section, the co-occurrence of the ferns, Cycadophyte-related pollen, and the Perinopollenites elatoides-Inaperturopollenites group with hygrophyte affinity suggests a humid interval (Figs. 2, 3, and 9 ). By contrast, Nordt et al. (2015) recorded the first significant drop in MAP (mid-Norian climate shift) close to the Long Logs Bed, which can be correlated to the lower part of the Badlands section (Martz and Parker, 2010) . Possibly, this vegetation type reflects a localized swamp with an increased hygrophyte ratio rather than capturing a regional signal. Alternatively, the correlation of the Badlands section needs revision, and its stratigraphic position may be closer to the permanent silcrete horizon (paleosols 54 and 55 in Nordt et al., 2015) with higher MAP values.
Similarly, the increase in the amount of hygrophyte ferns and some seed ferns (Alisporites spp. and Caytoniales) together with the decline in upland conifers in the uppermost part of the Sonsela Member (sample TH 10, Martha's Buttes Beds; Figs. 2-3) suggest a slight increase in moisture availability (Fig. 9) . Considering the laterally discontinuous depositional system of the Chinle Formation, the increase in these palyno morphs could be indicative of the proximity to a permanent body of water. However, as all pollen-rich samples were collected from mudstone, or very fine-grained sand horizons deposited in similar low-energy wet environments in lakes or on the floodplain, no significant taphonomical bias is expected due to the differences in the depositional setting. The presence of a short-lived wet period is also evident from the higher MAP values calculated from a paleosol horizon (paleosol 61) close to the boundary of the Petrified Forest and Sonsela Members in Arizona (Nordt et al., 2015) , in agreement with the palynological record. Therefore, these intervals may indicate slightly wetter climatic periods. These climatic oscillations might be related to Milankovitch cycles or migrating storm patterns (Nordt et al., 2015) .
Environmental Stress Related to Carbon Cycle Perturbation
The isotope variations at Petrified Forest National Park were most likely controlled by the depositional setting and local changes in SOM composition. Generally, bulk organic carbon values are controlled by the SOM composition (e.g., Meyers and Lallier-Vergès, 1999) , here mainly derived from land plants. A comparison of sample SOM (Fig. 8 ) and δ
13
C org values showed that the majority of samples with relatively low δ
C org values are very rich in cuticles and resin fragments (Fig. 8 ). Cuticles and resin fragments are rich in plant lipids with generally lower δ 13 C org than woody fragments, which could explain the lower δ
C org values of these samples (e.g., Tappert et al., 2013) . In addition, the samples from the Blue Mesa and Sonsela Member are enriched in amorphous organic matter, which might correspond to algal remains. Algae like Botryococcus have varied isotopic composition (-10‰ to -22‰), depending on depositional setting or species (e.g., Grice et al., 1998) , which could also account for the recorded isotopic variations.
The bulk organic carbon values could also be influenced by other controlling factors, e.g., carbon cycle perturbations. Norian global-scale carbon cycle perturbations are known from marine sediments, with a general decline in the isotope values from the Carnian-Norian boundary and a negative excursion recorded at ca. 216 Ma (Muttoni et al., 2014) . Furthermore, Whiteside et al. (2015) found a potential link among isotope variation, climatic oscillation, and characteristic pollen assemblages. They found positive correlation between increased bulk δ 13 C org and the dominance of the Patinasporites/Enzonalasporites complex, which they connected to drier periods. They linked low bulk δ
C org values to Alisporites-dominated palynofloras and wetter periods, with potentially high atmospheric pCO 2 (Whiteside et al., 2015) . However, in the present study, we could not detect a statistically significant link between δ
C org values and the Patinasporites/ Enzonalasporites abundance (Fig. 8) ; neither did we find a negative correlation between δ 13 C org and Alisporites spp. (Fig. 8) .
Floral Turnover
Age of the Floral Turnover at the Petrified Forest National Park
The floral turnover at the Petrified Forest National Park is located in the upper part of the Sonsela Member in the Jim Camp Wash Beds above the persistent silcrete horizon. The age of the Sonsela Member can be placed between 220 and 213 Ma (Ramezani et al., 2011 (Ramezani et al., , 2014 , and the interpolated age of the persistent silcrete horizon in the middle of the Sonsela Member is 216.555 Ma (Nordt et al., 2015) . However, unpublished data collected by William G. Parker (2017, personal observation) suggest that the persistent silcrete horizon and the faunal and floral turnover are younger, in the age range of the Manicouagan impact event at 215-214 Ma (Walkden et al., 2002; Ramezani et al., 2005; Onoue et al., 2016) .
To date, there are no available radiometric ages from the Badlands section, but it is located only a few meters above the silcrete horizon. This succession hosts the lowest occurrence of zone III type palynofloras (Litwin et al., 1991; Reichgelt et al., 2013) , which are characteristic after the turnover. To date, there are no available palynological or paleobotanical data between the base of the Badlands section and the persistent silcrete bed that could pinpoint the onset of the floral turnover. More radiometric ages are needed to provide a more precise age assignment.
Regional Turnover Patterns
The floral turnover patterns in the middle of the Sonsela Member at the Petrified Forest National Park (Fig. 9 ) bear similarity to the turnover in the Chama Basin, New Mexico, recorded in the Petrified Forest Member (Whiteside et al., 2015; Lindström et al., 2016 ), yet with a temporal discrepancy. The stratigraphic and spatial distribution of the two floral changes indicates that the floral turnovers show cyclic patterns in the Chinle Formation.
In the Chama Basin, the floral turnover was recorded in the Petrified Forest Member (Whiteside et al., 2015; Lindström et al., 2016) . The radiometric dating of detrital zircons from the lower part of that section gave an age of 211.9 ± 0.7 Ma (Whiteside et al., 2015; Lindström et al., 2016) , while the floral turnover at the Petrified Forest National Park is in the older Sonsela Member. In Arizona, a detrital zircon age of 213.1 ± 0.07 Ma was obtained from close to the Sonsela-Petrified Forest Member transition, below the Flattops beds (Ramezani et al., 2011) . These radiometric ages (Irmis et al., 2011; Ramezani et al., 2011; Whiteside et al., 2015) indicate that the floral turnover at the Petrified Forest National Park occurred earlier. However, the lowermost part of the section in the Chama Basin and topmost part of the studied succession at the Petrified Forest National Park belonging to the Petrified Forest Member most likely temporally overlap, but to date, there are no available radiometric data from the lower part of the Petrified Forest Member at the Petrified Forest National Park, acquisition of which could enable a more precise correlation.
The Table 2 ). Klausipollenites is not as abundant in the Chama Basin as at the Petrified Forest National Park, and the amplitudes of the turnovers differ between the two studied successions. In the Poleo Sandstone and lowermost Petrified Forest Member in the Chama Basin, the Patina sporites group (Patinasporites, Enzonala sporites) makes up between 10% and 20% of the pollen flora, which agrees well with the proportion of the group at the Petrified Forest National Park in the Sonsela and lower Petrified Forest Members. However, in the upper part of the Petrified Forest Member from the Chama Basin, this proportion increases to ~65% (White side et al., 2015; Lindström et al., 2016) . The Patinasporites group is interpreted as having been produced by xerophytic plants (e.g., Roghi et al., 2010) , and an increase in the abundance of the related pollen grains has been interpreted as a signal for a drier climate (e.g., Fowell, 1993; Whiteside et al., 2015) .
The periods of the floral turnovers with an increase in the Patinasporites group might have been characterized by more pronounced seasonality extremes, with possible wildfires caused by climatic oscillations as suggested by Whiteside et al. (2015) . The climatic oscillations recorded with palynology may be linked to Milankovitch cyclicity, but higher-resolution studies, more radiometric dates, and eventually a precise correlation to the astrochronologically calibrated Newark Supergroup are required to evaluate the possible link of the plant turnovers to orbital forcing. The higher amplitude of the floral turnover in the younger assemblage from the Chama Basin indicates that the effects of the climate change were amplified during the Norian.
Aberrant Pollen Grains at the Petrified Forest National Park
The rise of aberrant K. gouldii morphotypes is confined to a short interval after the floral turnover at the Petrified Forest National Park (Figs. 4 and 9) . To date, no other pollen types are recorded at the Petrified Forest National Park showing similar morphological variability, and the aberrant morphotypes are not known from the younger succession in the Chama Basin.
Abnormal pollen may be the result of natural intraspecific variation and higher internal genetic variability of the parent plant (e.g., Lindström et al., 1997; Leitch and Leitch, 2012) , but the variability is reflected most frequently in size differences (e.g., Tejaswini, 2002; Ejsmond et al., 2011) .
The abnormal grains can be related to environmental stress as well (e.g., Wilson, 1965) . These external factors are all abiotic stressors, including heat, frost, drought, salt stress, or osmotic shock, which can interrupt the life cycle of the plant on a cellular level (e.g., disruption of meiotic processes during the microsporogenesis; e.g., De Storme and Geelen, 2014). The occurrence of aberrant pollen grains has also been related to atmospheric pollution (e.g., Kormutak, 1996) , acid rain, increased pCO 2 levels, increased aerosol emission, or increased levels of ultraviolet (UV)-B radiation (e.g., Visscher et al., 2004) .
Abnormal pollen types are also present in the fossil record; for example, Foster and Afonin (2005) identified abnormal morphotypes of Klausipollenites at the Permian-Triassic boundary. They assigned an abundance of 3% aberrant/normal pollen grains as a benchmark for the signal of external stress in contrast to natural variation. In the Chinle Formation, the ratio of aberrant K. gouldii grains often exceeds 10% the total number of K. gouldii grains after the turnover event (Figs. 3 and 9) , which implies environmental stress. However, Foster and Afonin (2005) observed similar morphological changes in several other pollen types assigned to Alisporites, Protohaploxypinus, Lunatisporites, and Scutasporites.
The individual occurrence of the aberrant morphotypes in one single taxon makes the connection to severe environmental stress less feasible. During a severe biotic crisis, e.g., aerosol emission or acid rain, more taxa and several plants group are expected to suffer from the environmental stress. Therefore, the occurrence of the aberrant pollen grains is most likely related to a taxon-specific response of the parent plants of Klausipollenites.
Causes of the Floral Turnover
Climate change and a shift toward drier conditions seem to be the most plausible causes for the floral turnover at the Petrified Forest National Park during the middle Norian, but series of other environmental perturbations, e.g., increases in the pCO 2 (e.g., Cleveland et al., 2008a Cleveland et al., , 2008b Atchley et al., 2013; Nordt et al., 2015; Schaller et al., 2015; Whiteside et al., 2015) , volcanism (Atchley et al., 2013; Nordt et al., 2015) , and the Manicouagan impact event, could have contributed to the vegetation change.
In the Norian, an increase in pCO 2 was reported by Cleveland et al. (2008a Cleveland et al. ( , 2008b , Atchley et al. (2013) , Nordt et al. (2015) , Schaller et al. (2015) , and Whiteside et al. (2015) from 212 Ma, but the pCO 2 trends are not entirely clear between 215 Ma and 212 Ma around the age range of the floral turnover at the Petrified Forest National Park. Schaller et al. (2015) and Atchley et al. (2013) showed a decline in the pCO 2 values between 215 Ma and 212 Ma, while the data of Nordt et al. (2015) indicate a slight increase in the pCO 2 values between 215 Ma and 214 Ma.
The previously proposed long-term increase in pCO 2 was most likely driven by the transformation of the soils and biome after the shift to an arid climate, due to the arc volcanism related to the uplift of the Cordilleran arc (Nordt et al., 2015) . The volcanism was probably asso ciated with aerosol emission and acid rains, which could eventually act as a serious external stress factor for plant communities (e.g., Grattan, 2005; Tognetti et al., 2012) , in addition to increased aridity.
It is also tempting to link the floral turnover in the Sonsela Member at the Petrified Forest National Park to the Manicouagan impact event, due to their close age range. However, to date, there is no compelling radiometric age that supports the synchronicity of the two events. During an impact event, the major stress mechanism for plants is the accumulation of aerosols, which hampers photosynthesis due to sunlight suppression ( Vajda et al., 2015) . However, aerosol emissionrelated impact winters are short-lived events of an order of magnitude from months to hundreds of years (Wolfe, 1991; Pope et al., 1997) . Thus, it is unlikely that the long-term vege ta tion change and multiple floral turnovers (Petrified Forest National Park and Chama Basin) were triggered by one single event. The environmental effects of the Manicouagan impact event were probably temporally and spatially more restricted compared to the scale of the Cretaceous-Paleogene event. No global extinction can be matched with the ejecta horizon of the Manicouagan impact (Olsen et al., 2011) , but in the western part of Pangea and Pan thalassa, regional faunal turnover is observed among marine zooplankton and invertebrates (e.g., Orchard et al., 2001; Onoue et al., 2012 Onoue et al., , 2016 .
Due to their temporally confined occurrence after the turnover, the aberrant morphotypes of Klausipollenites could be linked to the Manicouagan impact event. However, the aberrant morphotypes are recorded in one taxon only, which refutes the possibility of a whole ecosystem-scale biotic crisis linked to acid rain or impact winters.
Faunal Effect
The synchronicity of the floral turnover and the Revueltian-Adamanian faunal transition in the Chinle Formation shows a strong connection between terrestrial biotas. The predominance of a more robust physiology among aetosaurs indicates a more terrestrial lifestyle for aetosaurs related to reduced wetland size and shrinking habitat due to climate change. Due to the pronounced seasonality, certain plant types that were previously available as food, e.g., seed ferns, were probably not available year-round anymore (Whiteside et al., 2015) . Additionally, the new plant types, e.g., AraucariaceaeCupressaceae, and new plant communities in the floodplain altered landscape and habitat, which may have necessitated adaptation of the digestive tract, in physiology and feeding strategy. Additionally, the potential heightened pCO 2 and lowered moisture availability (Nordt et al., 2015) may have favored the growth of long-lived high-density leaves (Niinemets, 2001; Poorter et al., 2009 ). These factors all contributed to the general composition of Late Triassic low-latitude vertebrate assemblages, which were characterized by small, slower-growing carnivorous forms, while large herbivores were less abundant (Whiteside et al., 2015) .
CONCLUSIONS
A palynological analysis of the Blue Mesa, Sonsela, and Petrified Forest Members of the Norian Chinle Formation has revealed four distinct palynofloras. The new data support the occurrence of a floral turnover in tandem with a faunal turnover between the Adamanian and Revueltian vertebrate biozones Reichgelt et al., 2013) in the middle part of the Sonsela Member.
Perinopollenites elatoides was recorded the first time from the Sonsela Member. It has been known before only from the Rhaetian part of the Chinle Formation. This species represents palynological evidence for the Norian age assignment of the Sonsela Member at the Petrified Forest National Park, in agreement with radiometric dating and magnetostratigraphy. The species might also be a tool of correlation between American and European palynozonations (Kürschner and Herngreen, 2010) .
Plant community analysis revealed that the floral turnover was followed by a complete reorganization of riparian vegetation in the Sonsela Member. We propose that the floral reorganization can be attributed to changes in fluvial styles, possibly linked to changes in the tectonic regime of the hinterland and gradual climate change. After the faunal and floral turnover, in the upper Sonsela Member, the newly formed riparian community hosted a relatively high abundance of Cupressaceae-Araucariaceaerelated plants. Their presence indicates a welldeveloped late-successional-stage riparian plant community supported by a shift from braided to meandering fluvial style and the stabilization of floodplain areas.
The predominance of xerophytic plants in the palynological record is consistent with the gradual aridification of the North American continent, due to the uplift of the Cordilleran arc and the probable northward shift of North America. However, the palynological record suggests that the gradual aridification was interrupted by at least two short-lived wetter climatic periods during the deposition of the Sonsela Member, as inferred from the increase in hygrophyte vegetation elements.
Comparison of the pollen record from Petrified Forest National Park to a younger succession from the Chinle Formation in the Chama Basin, New Mexico, suggests that there were two distinct floral turnovers linked to drier intervals. Floristically, the turnover events at Petrified Forest National Park and the Chama Basin are very similar, with a general decrease in abundance and diversity of hygrophytes and an increase in wind-blown xerophytes, such as the Patinasporites group and Klausipollenites. However, the amplitude of floral variations in the Chama Basin was higher, which may indicate that the severity of climate change and seasonality increased during the Norian.
The presence of aberrant Klausipollenites morphotypes has been recorded only at Petrified Forest National Park. The occurrence of these mutant pollen grains may be related to certain climatic stressors, e.g., drought, heat, frost, pCO 2 perturbations, or atmospheric pollution (aerosols and acid rain) in connection with volcanic activity. However, the single occurrence of aberrant Klausipollenites pollen implies that the formation of these unusual pollen types might have been a taxon-specific response of the parent plants to the ongoing climate change.
The Manicouagan impact event might have contributed to the vegetation change at the Petrified Forest National Park, but the existing data are unable to prove direct causality.
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